Abstract Rationale: Few studies have directly compared the effects of methylenedioxymethamphetamine (MDMA, "ecstasy") and its enantiomers across measures. Objectives: To investigate the capacity of MDMA and its stereoisomers to produce aggregate toxicity in mice, the influence of 5-HT 2 receptors, 5-HT transporters, and ambient temperature on this effect, and to directly compare the racemate and its enantiomers in terms of their effects on core temperature and locomotor activity with and without various serotonergic pretreatments. Methods: Mice were injected with various doses of MDMA and its stereoisomers in various housing conditions, with and without pretreatments of serotonergic drugs, and at two distinct ambient temperatures; lethality was quantified 2 h after MDMA administration. For temperature/activity studies, mice were injected with various doses of MDMA and its enantiomers, with and without ketanserin, MDL100907, or fluoxetine pretreatments, and core temperature and locomotor activity data were collected for 24 h. Results: Racemic MDMA and its isomers produced aggregate toxicity in mice. The lethal effects of racemic MDMA and its enantiomers were differentially attenuated by the various serotonergic pretreatments and manipulation of the ambient temperature across housing conditions. Racemic and S(+)-MDMA produced hyperthermic effects in mice, while R(-)-MDMA did not. The pretreatment drugs attenuated the hyperthermic effects of racemic MDMA, but were less effective in blocking S(+)-MDMA-induced hyperthermia. Racemic MDMA and both enantiomers stimulated locomotor activity, although R(-)-MDMA was least effective. The pretreatments all reduced the locomotor stimulant effects of racemic MDMA but potentiated S(+)-MDMAinduced hyperlocomotion. Conclusions: The MDMA isomers have heterogeneous effects that can be demonstrated across a wide range of endpoints.
Introduction
The term "aggregate toxicity" refers to the finding that many drugs exhibit an increase in their actions when administered to animals housed together. Perhaps the first insights into the characterization of this effect occurred when Gunn and Gurd (1940) observed in their studies on benzedrine and other stimulants that "the symptoms of excitement are much more pronounced if several injected animals are kept together in a cage or tray." Later studies conducted by Chance and colleagues produced the first empirical evidence that aggregation potentiates the lethal effects of stimulants (Chance 1947) . Since these initial characterizations of the phenomenon, aggregate toxicity in rodents (here defined as at least a halving of the LD 50 ) has been noted for many other drugs, including caffeine, amiphenizole, pipradrol, b-phenylisopropylhydrazine, methylphenidate and methamphetamine (Greenblatt and Osterberg 1961) ; isocarboxazide, desmethylimipramine, naloxone, and pethidine (Doggett et al. 1977) ; morphine (Mohrland and Craigmill 1980) ; racemic methylenedioxyamphetamine (MDA) and, most germane to the present research, racemic methylenedioxymethamphetamine (MDMA, "ecstasy"; Davis and Borne 1984) .
Investigations into the aggregate toxicity of MDMA may be particularly relevant given the typical "rave" environment in which the drug is often abused by humans. At these all-night dance parties, conditions of crowding and high ambient temperature are common (Green et al. 1995) and may act to potentiate the toxic effects of MDMA. Indeed, an initial report on the lethal effects of MDMA in the human noted that "In almost every case, a recreational dose of the drug had been taken at a dance club or party where crowds danced vigorously" (Randall 1992) .
The hyperthermic effects of MDMA in rodents were first described by Nash et al. (1988) and, since then, experimental attempts to identify the potential mechanisms of MDMA-induced toxicity and neurodegeneration have been complicated by the observation that these effects appear to be tightly interwoven with MDMAinduced hyperthermia (Broening et al. 1995) . Additionally, the protective effects of several compounds against MDMA-induced neurodegeneration have been attributed to their effectiveness in inducing hypothermia on their own (Farfel and Seiden 1995; Malberg et al. 1996) or in blocking MDMA-induced hyperthermia (Colado et al. 1998) . Further studies have also demonstrated protection against MDMA-induced neurotoxicity by lowering core temperature via non-pharmacological means, including restraint stress (Miller and O'Callaghan 1994) and manipulation of the ambient temperature (Malberg and Seiden 1998) .
Despite this widespread interest in the relationship between temperature and MDMA-induced neurodegeneration, no widely accepted mechanism for the hyperthermic effects of MDMA has yet been described. However, the 5-HT 2A/2C agonist 1-(4-iodo-2,5-dimethoxyphenyl)-2-aminopropane (DOI) and the 5-HT 2C agonist mchlorophenylpiperazine (M-CPP) have both been shown to induce hyperthermia (Mazzola-Pomietto et al. 1997) , and, in addition to releasing 5-HT (Rudnick and Wall 1992) , MDMA has also been shown to act as an agonist at these receptors (Nash et al. 1994) . Additionally, we (Ullrich et al. 2000) have previously shown that both the 5-HT 2A/2C antagonist ketanserin, and the selective 5-HT 2A antagonist MDL100907 produce dose-dependent hypothermic effects in mice, further implicating the 5-HT 2 receptor family in rodent thermoregulation.
No recent studies have examined the effects of MDMA in crowded animals, and, to our knowledge, the effects of the MDMA stereoisomers on temperature, locomotor activity, and lethality have never been directly compared in any housing condition. We were therefore interested in investigating the capacity of racemic MDMA and its enantiomers to produce aggregate toxicity in mice. Further experiments were conducted to study the influence of ambient temperature, the 5-HT 2A/2C antagonist ketanserin, the selective 5-HT 2A antagonist MDL100907, and the serotonin selective re-uptake inhibitor (SSRI) fluoxetine on MDMA-induced lethality across isomers and housing conditions. Additionally, temperature and locomotor activity dose-effect curves were generated for racemic MDMA and its stereoisomers using implanted radiotelemetery probes in order to directly compare the enantiomers and correlate lethal doses with these physiological and behavioral measures. Pretreatments that proved effective in blocking lethality were then assessed alone, or in combination with MDMA, for their effects on core temperature and locomotor activity.
Methods

Animals
Male NIH Swiss mice (Harlan Sprague Dawley Inc., Indianapolis, Ind.) weighing 20-30 g were housed 12 animals per 20.3230.4812.70-cm Plexiglas cage in a temperature-controlled room that was maintained at an ambient temperature of 22€2C at 45-50% humidity. Lights were set to a 12-h/12-h light/dark cycle. Animals were fed Lab Diet rodent chow (Laboratory Rodent Diet #5001, PMI Feeds, Inc., St. Louis, Mo.) and water ad libitum until immediately before testing. Animals were not used in experiments until at least 2 days after arrival in the laboratory. Each animal was used only once, and was sacrificed immediately after use. Studies were carried out in accordance with the Declaration of Helsinki and with the Guide for Care and Use of Laboratory animals as adopted and promulgated by the National Institutes of Health. The experimental protocol was approved by the University of Michigan's University Committee on the Use and Care of Animals.
Procedure
Aggregate toxicity experiments
On experimental days, mice were weighed, marked, and returned to the home cage. MDMA doses were then calculated and prepared for injection. Animals were subsequently removed from the home cage, injected intraperitoneally (i.p.) and placed into 15.2425.4012.70-cm Plexiglas mouse cages singly, in groups of 6, or in groups of 12. All aggregation groups were drawn from the same home cage in order to minimize aggression (indeed, none was observed during the conduct of these experiments). Except where stated, aggregate toxicity experiments were conducted in the colony room at an ambient temperature of 22€2C. Neither food nor water were available during the aggregate toxicity tests. Mice were observed for 2 h post-injection, and lethality was quantified at the end of this period. No mice were removed from their respective cages before the expiration of the 2-h test period. The lethal effects of all doses of all MDMA compounds were doubly determined for each caging condition -thus, all statistics were performed with n=2 observations. For the singly housed mice, two separate groups of 6 mice (a total of 12 mice) were studied -lethality was computed for each group, then averaged and SEM computed. The same was true for the mice housed 6 per cage. For the mice housed 12 per cage, two separate groups of 12 mice (a total of 24 mice) were studiedlethality was computed for each group, then averaged and SEM computed. Wherever possible, MDMA doses were not increased past the experimentally determined LD 75 for each compound.
Ketanserin, MDL100907, and fluoxetine antagonism experiments Doses of racemic MDMA and its stereoisomers that produced equivalent lethality in the previous experiments were studied with and without a pretreatment of the 5-HT 2A/2C antagonist ketanserin (5.6 mg/kg), the selective 5-HT 2A antagonist MDL100907 (1.0 mg/ kg), or the SSRI fluoxetine (10 mg/kg) in the two most extreme housing conditions (1 and 12 mice per cage). All pretreatments were administered i.p. 15 min prior to MDMA injection. To minimize the need for interpolation, the LD 75 for each compound was used; however, in singly housed mice receiving racemic MDMA, it was impossible to experimentally determine an LD 75 due to the extreme slope of the lethality curve. During these experiments, mice were weighed, marked, and returned to the home cage while MDMA and pretreatment doses were calculated and prepared for injection. All other procedures were as previously described.
Cold-room protection experiments
To assess the effects of ambient temperature on MDMA-induced lethality, the LD 75 for racemic MDMA and its stereoisomers were studied in a 4C cold room, in singly housed mice and in mice housed 12 per cage. All other procedures were as previously described.
Core temperature and locomotor activity experiments
Following appropriate anesthetization with ketamine (100 mg/kg, i.p.) and xylazine (10 mg/kg, i.p.), the abdominal area of each mouse was shaved and sanitized with iodine swabs. A rostralcaudal cut approximately 1.5 cm in length was made with skin scissors, providing access to the intraperitoneal cavity. A cylindrical glass-encapsulated radiotelemetry probe (model ER-4000 EMitter, Mini Mitter, Bend, Ore., USA) was then inserted, and the incision was closed using absorbable 5-0 chromic gut suture material. Surgeries were carried out at least 7 days before initiation of experimental conditions, allowing time for incisions to heal and for the mice to recover normal body weights. The transmitters produced activity-and temperature-modulated signals, which were sent to a receiver (model ER-4000 Receiver, Mini Mitter Co., Inc.) underneath each mouse cage. Temperature and locomotor activity data were thus collected from singly housed mice at 5-min intervals and processed simultaneously by the Vital View data acquisition system (Mini Mitter Co., Inc.).
Data analysis
Data from the lethality experiments are presented as mean€SEM and were compared using Fisher's exact test. For the core temperature and locomotor activity experiments, data are presented as mean€SEM and were compared to minimum and maximum values obtained from equivolume saline controls (n=6, data not shown) using Student's one-sample t-tests. All statistical tests were performed using commercially available software, and significance was judged at P<0.05.
Drugs
Racemic MDMA and its stereoisomers were supplied by the National Institute on Drug Abuse (Research Technology Branch, Research Triangle Park, N.C.) and were dissolved in physiological saline prior to injection. Ketanserin tartrate was purchased from Research Biochemicals International (Natick, Mass.), and dissolved in sterile water and 5% dimethyl sulfoxide (DMSO). MDL100907 was synthesized at the Laboratory of Medicinal Chemistry at the National Institutes of Diabetes, Digestive and Kidney Disorders at the National Institutes of Health (Bethesda, Md.) and dissolved in sterile water and 0.5 N HCl. Fluoxetine was obtained from Eli Lilly, Inc. (Indianapolis, Ind.) and dissolved in physiological saline. All injections were administered i.p. in a volume equal to body weight (g)/100.
Results
Aggregate toxicity experiments
Increasing cage density potentiated the lethal effects of racemic MDMA and the stereoisomers. Racemic MDMA and S(+)-MDMA were approximately equipotent in terms of their lethal effects across all three cage conditions, while R(-)-MDMA was approximately half as potent ( Fig. 1) . Deaths typically occurred within 30 min post- Fig. 1 Top two, and bottom left panels Lethality curves across three housing conditions for racemic methylenedioxymethamphetamine (MDMA) and its stereoisomers in mice. Abscissa Dose (mg/kg) of MDMA. Ordinate Percentage lethality assessed at 2 h after injection. Bottom right panel Potentiation of the lethal effects of MDMA and its enantiomers due to increased cage density. Abscissa Number of mice per cage. Ordinate Interpolated LD 50 injection, and all mice surviving to 60 min post-injection subsequently survived the final hour of testing. Interpolating the LD 50 for each compound at each housing condition allows a comparison of the potentiation of lethality produced by aggregation (Fig. 1, bottom right) . Plotted in this manner, the lethal effects of racemic and S(+)-MDMA show a greater potentiation due to crowding (indicated by a steeper slope) than do the lethal effects of R(-)-MDMA.
Ketanserin, MDL100907, and fluoxetine antagonism experiments
Pretreatment with ketanserin completely blocked the lethal effects of racemic MDMA (P<0.05) and S(+)-MDMA (P<0.05) in singly housed and crowded mice; however, the lethal effects of R(-)-MDMA were not affected in either housing condition (Fig. 2) . In singly housed mice, MDL100907 attenuated the lethal effects of racemic MDMA (P<0.05) and almost entirely blocked the lethal effects of R(-)-MDMA (P<0.05), but did not alter S(+)-MDMA-induced lethality. Interestingly, MDL100907 only attenuated the lethal effects of racemic MDMA in the aggregate housing condition (P<0.05). Fluoxetine pretreatment attenuated the lethal effects of racemic MDMA (P<0.05) in singly housed but not crowded mice, and the lethal effects of the enantiomers were not altered by this pretreatment in either housing condition.
Cold-room protection experiments
The cold ambient environment significantly attenuated the lethal effects of racemic MDMA in singly housed mice (P<0.05; Fig. 2) ; however, the lethal effects of the stereoisomers were not affected in this housing condition. Interestingly, the cold ambient environment completely abolished the lethal effects of racemic MDMA (P<0.05) and S(+)-MDMA (P<0.05) in mice housed 12 per cage, while the lethal effects of R(-)-MDMA remained unchanged.
Core temperature and locomotor activity experiments Racemic MDMA and S(+)-MDMA produced a dose-and time-dependent hyperthermic effect in mice (Fig. 3 , bottom and top left panels, respectively). For these compounds, the duration of hyperthermia was approximately 2 h, and the peak body temperature reached was approximately 41C. By 3 h post-injection, body temperature had returned to normal and, from this point on, did not deviate outside the normal temperature range for the remainder of the 24-h sampling period (data not shown). For both racemic MDMA and S(+)-MDMA, significant hyperthermia was produced at 32 mg/kg -a sublethal dose in singly housed animals. However, several deaths occurred in the 56-mg/kg S(+)-MDMA group (indicated by the arrows on Fig. 3 , top left panel), although no deaths occurred at this dose (or any other) with SR(+/-)-MDMA. Interestingly, no dose of R(-)-MDMA produced any measurable effects on body temperature (Fig. 3, top right  panel) . Doses of R(-)-MDMA higher than 100 mg/kg were not tested due to the lethal effects of these doses in previous experiments.
The various pretreatment drugs used in the previous lethality studies were also assessed for their effects on body temperature. Although MDL100907 (1 mg/kg) and fluoxetine (10 mg/kg) did not significantly increase or decrease core temperature, ketanserin (5.6 mg/kg) produced a dramatic hypothermia (Fig. 3, bottom right  panel) . The ketanserin-induced hypothermia lasted approximately 2.5 h and dropped core temperature to approximately 32C. By 3 h post-injection, ketanserintreated animals had returned to the range of normal body temperature and did not deviate outside this range from Racemic MDMA and its stereoisomers each produced a long-lasting and dose-dependent stimulation of locomotor activity (Fig. 4) . Racemic MDMA was most potent in inducing hyperactivity, producing a significant stimulation of locomotor activity during the first 15 min following injection of 10 mg/kg. Racemic MDMA was also most effective within this behavioral measure, producing a peak of 175 activity counts at a dose of 56 mg/kg; this stimulation of locomotor activity lasted approximately 3.5 h. As with the core temperature experiments, S(+)-MDMA was approximately equipotent with racemic MDMA, producing a significant stimulation of locomotor activity at 10, 15, and 20 min following injection of 10 mg/kg. The maximal number of activity counts collected following S(+)-MDMA administration was approximately 100 at a dose of 56 mg/kg. Although of lesser magnitude than the stimulation produced by racemic MDMA, the hyperactivity induced by S(+)-MDMA was longer lasting, returning to basal levels approximately 5 h post-injection. This dose produced several deaths (indicated by the arrows on Fig. 4, top  panel) , which precluded the testing of higher doses. R(-)-MDMA was tenfold less potent than racemic or S(+)-MDMA, producing a significant stimulation of locomotor Fig. 3 Effects of racemic methylenedioxymethamphetamine (MDMA), its stereoisomers, and the various serotonergic pretreatments on core temperature in singly housed mice. Each point represents the mean€SEM (n=6 mice per dose). Abscissae Time after injection (hours). Ordinates Core temperature (C). The defined region between approximately 36C and 38C represent the normal range of rodent core temperature measured over a 24-h period following equivolume saline injection. Arrows in top left panel indicate time of death of one mouse per arrow following injection of 56 mg/kg S(+)-MDMA Fig. 4 Effects of racemic methylenedioxymethamphetamine (MDMA) and its enantiomers on locomotor activity in singly housed mice. Each point represents the mean€SEM (n=6 mice per dose). Abscissae Time after injection (h). Ordinates Activity counts (measured via implanted radiotelemetry probe). Arrows in top panel indicate time of death of one mouse per arrow following injection of 56 mg/kg S(+)-MDMA activity only during the first 15 min following administration of 100 mg/kg, the highest dose tested. R(-)-MDMA was also the least effective within this behavioral measure, producing a maximum of approximately 75 activity counts at the highest dose administered. The locomotor stimulation produced by R(-)-MDMA was also of the shortest duration, returning to basal levels approximately 2 h post-injection. Neither ketanserin, MDL100907, nor fluoxetine had any significant effects on locomotor activity relative to equivolume saline controls at the doses tested (data not shown).
When administered as a pretreatment for S(+)-MDMA, 1 mg/kg ketanserin was ineffective in blocking the induction of hyperthermia. S(+)-MDMA-induced hyperthermia was, however, blocked by 5.6 mg/kg ketanserin, although the direct effects of this dose of ketanserin on Each point represents the mean€SEM (n=6 mice per dose). Abscissae and ordinates are as previously described in Fig. 3 (temperature) and Fig. 4 (activity)
Fig. 6 Effects of MDL100907 pretreatments on S(+)-methylenedioxymethamphetamine (MDMA)-(left) and racemic MDMA-(right) induced hyperthermia (top) and locomotor stimulation (bottom).
Each point represents the mean€SEM (n=6 mice per dose). Abscissae and ordinates are as previously described in Fig. 3 (temperature) and Fig. 4 (activity) core temperature may be involved in this action. At a dose of 5.6 mg/kg, ketanserin significantly decreased core temperature during the pretreatment time but did not prevent the subsequent S(+)-MDMA injection from rapidly increasing core temperature (Fig. 5, top left  panel) .
In contrast, 1 mg/kg ketanserin completely blocked the hyperthermic (Fig. 5 , top right panel) and locomotor stimulant effects (Fig. 5 , bottom right panel) of racemic MDMA without altering either core temperature or locomotor activity on its own. Interestingly, ketanserin pretreatments increased the maximal locomotor counts observed following S(+)-MDMA injections, as well as the duration of the locomotor stimulant effects. This effect was particularly pronounced at 1 mg/kg (Fig. 5 , bottom left panel).
Pretreatment with 1 mg/kg MDL100907 did not block the induction of S(+)-MDMA-induced hyperthermia (Fig. 6, top left panel) . However, this dose of MDL100907 significantly attenuated both the hyperthermic (Fig. 6 , top right panel) and locomotor stimulant (Fig. 6 , bottom right panel) effects of racemic MDMA. As previously observed with the ketanserin pretreatments, MDL10097 also potentiated the locomotor stimulant effects of S(+)-MDMA, both in terms of magnitude and duration (Fig. 6, bottom left panel) .
When administered as a pretreatment for S(+)-MDMA, 10 mg/kg fluoxetine was ineffective in blocking the induction of hyperthermia, although the duration of this effect was reduced (Fig. 7, top left panel) . In contrast, fluoxetine significantly attenuated the hyperthermic (Fig. 7 , top right panel) and locomotor stimulant (Fig. 7 , bottom right panel) effects of racemic MDMA. As was the case for the other pretreatments, fluoxetine also potentiated S(+)-MDMA-induced locomotor stimulation (Fig. 7 , bottom left panel) both in terms of magnitude and duration of effect.
Discussion
The neuropharmacology of MDMA is quite complex, involving interactions with pre-and postsynaptic receptors across several neurotransmitter systems. In rodents, MDMA primarily causes a presynaptic release of 5-HT (Rudnick and Wall 1992) , although dopamine and norepinephrine are also released in lesser amounts, possibly via a similar transporter-mediated effect Rothman et al. 2001) . Additionally, MDMA has affinity for 5-HT 2 receptors, as well as histamine H 1 receptors and muscarinic M 1 receptors (Battaglia et al. 1988) , and has recently been shown to act as an agonist at the rat trace amine receptor TAR1 (Bunzow et al. 2001) . Finally, recent evidence has shown that MDMA induces acetylcholine release, both from rat striatal slices in vitro (Fischer et al. 2001 ) and as measured in vivo in rat prefrontal cortex and striatum by microdialysis (Acquas et al. 2001 ). This convoluted cluster of effects is further obfuscated by the fact that many of these neurochemical effects are linked, leading Parrot to describe this body of neuropharmacological research as "a minefield of potential drug interactions" (Parrot 2001) .
This complicated neuropharmacology is due in part to the fact that racemic MDMA is made up of two active isomers, each with its own distinct bundle of effects that Fig. 7 Effects of fluoxetine pretreatments on S(+)-methylenedioxymethamphetamine (MDMA)-(left) and racemic MDMA-(right) induced hyperthermia (top) and locomotor stimulation (bottom). Each point represents the mean€SEM (n=6 mice per dose). Abscissae and ordinates are as previously described in Fig. 3 (temperature) and Fig. 4 (activity) are distinguished not only in terms of quantitative differences, but also in terms of qualitative differences. Relatively few studies have directly compared the MDMA enantiomers across measures, which makes characterizing the isomers difficult. However, it is becoming readily apparent that the isomers have heterogeneous effects that manifest themselves across a wide range of endpoints, perhaps indicating important differences in their underlying pharmacology.
In this regard, the dissociation of the lethal effects of racemic MDMA and its isomers across housing conditions is especially intriguing. Ex vivo radioligand binding experiments have shown that R(-)-MDMA has greater affinity for 5-HT 2 receptors than does S(+)-MDMA (Battaglia and De Souza 1989) . Additionally, we have recently shown that ketanserin and MDL100907 both selectively attenuate the reinforcing effects of MDMA and its isomers in rhesus monkeys, and that R(-)-MDMAmaintained behavior is more susceptible to this antagonism than is behavior maintained by racemic or S(+)-MDMA (Fantegrossi et al. 2002) . However, in the present experiments, MDL100907 was most protective against R(-)-MDMA-induced lethality in singly housed mice, while ketanserin pretreatments blocked S(+)-MDMAinduced lethality much more effectively than R(-)-MDMA-induced lethality. These findings clearly complicate a 5-HT 2 based interpretation of the present lethality data. Similarly, although S(+)-MDMA has previously been shown to possess higher affinity for 5-HT transporters than R(-)-MDMA (Battaglia and De Souza 1989) , neither enantiomer was sensitive to fluoxetine pretreatment in any housing condition. Thus, these data, and the results of the cold-room protection experiments, may be better understood in the context of core temperature.
The present experiments using radiotelemetry probes demonstrate that racemic and S(+)-MDMA produce hyperthermia in singly housed mice at sublethal doses. In this regard, the complete protection afforded against the lethal effects of racemic and S(+)-MDMA in singly housed and crowded mice in the ketanserin antagonism experiments may be due to ketanserin-induced hypothermia. Similarly, induction of a hypothermic state via reduction of the ambient temperature to 4C may be responsible for the complete abolition of the lethal effects of racemic and S(+)-MDMA in crowded mice and attenuation of the lethal effects of racemic MDMA in singly housed animals. This would imply that the lethal effects of racemic and S(+)-MDMA are closely related to their hyperthermic effects, especially in crowded settings. However, the protection afforded by ketanserin was much greater than that afforded by the 4C ambient temperature for S(+)-MDMA-induced lethality, perhaps due to a lesser degree of hypothermia induced by the ambient temperature manipulation than by ketanserin.
In contrast, R(-)-MDMA does not increase core temperature even at doses with measurable lethal effects. Since R(-)-MDMA does not produce hyperthermia, ambient temperature manipulation affords no protection against the lethal effects of this compound in any housing condition. Similarly, induction of a hypothermic state via ketanserin pretreatment is not effective in protecting against the lethal effects of R(-)-MDMA in singly housed animals, although some protection is afforded to crowded mice. This may imply a temperature-dependent component to R(-)-MDMA-induced lethality in aggregate conditions.
Since neither MDL100907 nor fluoxetine induced hypothermia at the doses tested, their observed protection against the lethal effects of racemic MDMA may be related to their ability to block the induction of hyperthermia following injection of this compound. Both MDL100907 and fluoxetine significantly attenuated the hyperthermic effects of racemic MDMA in singly housed animals, and these pretreatments also proved effective in reducing lethality under this caging condition. Consistent with this explanation is the observation that these pretreatments were not effective in blocking the hyperthermic effects of S(+)-MDMA. The failure of MDL100907 and fluoxetine to protect against the lethal effects of S(+)-MDMA in singly housed mice is thus understandable in this context. However, the protection afforded against R(-)-MDMA-induced lethality by MDL100907 in the singly housed condition cannot be explained by invoking arguments based on core temperature, for, if this were the case, one would expect to also attenuate the lethal effects of R(-)-MDMA with the hypothermic dose of ketanserin or by lowering the ambient temperature to 4C. The selective effects of MDL100907 against R(-)-MDMA-induced lethality are thus unique in that this is the only instance in which a pretreatment was effective in the singly housed condition but not in the aggregate condition. For S(+)-MDMA and the racemate, all manipulations were more effective at blocking lethality in crowded conditions, and this was also the case with R(-)-MDMA when ketanserin was administered as a pretreatment. Thus, this effect is likely a property of MDL100907 not R(-)-MDMA. The antagonist effects of MDL100907 against R(-)-MDMA-induced lethality in singly housed animals would seem to warrant further study.
The present results also indicate that the effects of racemic MDMA are quite different than one would expect based on the additive effects of the enantiomers. For example, the locomotor stimulation produced by racemic MDMA in the present study is of a larger magnitude than would be predicted by simply adding the effects of the individual isomers. Likewise, since R(-)-MDMA does not increase core temperature, racemic MDMA should be only half as potent as S(+)-MDMA in terms of hyperthermic effects. Such was not the case in the present studies where S(+)-MDMA and racemic MDMA were virtually equipotent, echoing the similar "disconcerting absence of additivity between the component isomers in comparison with the activity of the racemate", noted previously in studies of MDMA and its enantiomers in rabbit thermoregulation and human intoxication (Anderson et al. 1978) . Finally, since the lethal effects of R(-)-MDMA were not altered by ketanserin pretreatment or by lowering the ambient temperature, the demonstrated protective effects of these manipulations should be approximately half as pronounced for racemic MDMA as for S(+)-MDMA. Paradoxically, in singly housed animals, ketanserin pretreatment proved equally effective against the lethal effects of S(+)-MDMA and the racemate, while the 4C cold room proved protective only against the lethal effects of racemic MDMA. These findings seem to imply that the MDMA enantiomers somehow synergize in vivo to mediate the effects of racemic MDMA. This possibility deserves further study in order to elucidate the potential mechanisms underlying these complex findings.
Although quite similar in terms of their actions on core temperature, the hyperthermic effects of racemic MDMA and its S(+) enantiomer can be easily distinguished when challenged with the various pretreatments employed in the present studies. A generalization of the results from all three pretreatment drugs suggests that the hyperthermic effects of racemic MDMA are sensitive to serotonergic manipulation, while S(+)-MDMA-induced hyperthermia is relatively resistant to these various pretreatment effects. The hyperthermic effects of racemic MDMA were completely blocked by a dose of ketanserin that did not induce hypothermia on its own, yet this ketanserin dose had no effect on S(+)-MDMA-induced hyperthermia. Similarly, doses of MDL100907 and fluoxetine that attenuated the hyperthermic effects of racemic MDMA did not alter the hyperthermic effects of S(+)-MDMA.
This pattern of interaction is in sharp contrast to that observed with the locomotor activity data. As with the effects on core temperature, all pretreatments significantly attenuated the locomotor stimulant effects of racemic MDMA. However, these same pretreatments all produced a significant potentiation of the locomotor stimulant effects of S(+)-MDMA, suggesting that the locomotor stimulant effects of racemic and S(+)-MDMA are mediated via distinct pharmacological mechanisms. Potentiated locomotor stimulant effects of MDMA have previously been observed following pretreatment with the nonselective 5-HT 1/2 antagonist methysergide (Gold and Koob 1998) or the 5-HT 2B/2C antagonist SB 206553 (Bankson and Cunningham 2001) . However, since the effects of methysergide were assessed only in combination with racemic MDMA, and since the effects of SB 206553 were studied only in combination with S(+)-MDMA, it is difficult to interpret these data in terms of an overarching theory on the potential pharmacological mechanisms of MDMA-induced hyperactivity. A direct comparison of the isomers, ideally across a wide range of doses, seems critical in elucidating the unique pharmacology of the locomotor stimulant effects of the MDMA compounds.
Acute MDMA exposure has been linked to toxicity and lethality in humans, and these effects seem to occur most frequently following MDMA administration in "rave" settings (Henry et al. 1992; Randall 1992) . This apparent potentiation of the lethal effects of MDMA in humans following ingestion of the drug in crowded settings may be analogous to the aggregate toxicity of MDMA and its enantiomers quantified by the present experiments. The influence of crowding may extend to MDMA effects other than lethality. Aggregate toxicity methodologies might therefore be applied to studies on the neurotoxicity produced by MDMA following acute and chronic dosing regimens to better model the environment in which the drug is often administered by humans.
The preponderance of evidence linking the hyperthermic effects of S(+)-MDMA to neurodegeneration in mice has been reviewed previously (Miller and O'Callaghan 1995) ; however, to our knowledge, similarly extensive studies have not been conducted with R(-)-MDMA. Given the presently demonstrated inability of R(-)-MDMA to induce hyperthermia in mice, one may predict that this enantiomer would lack neurotoxic effects, and there is some evidence that this may be the case in rats. Schmidt (1987) found that 10 mg/kg and 20 mg/kg S(+)-MDMA dose dependently reduced cortical 5-HT concentrations in rats 1 week after drug administration, and that the 20-mg/kg dose also produced an approximate 50% reduction in [
3 H]5-HT uptake. In contrast, neither 10 mg/ kg nor 20 mg/kg R(-)-MDMA had any effect on these measures 1 week after administration (Schmidt 1987) . However, given the potency differences here described for the lethal, core temperature, and locomotor stimulant effects of the MDMA enantiomers, it does seem possible that the R(-)-MDMA doses used in the above study were simply too low to produce similar neurochemical effects to the S(+) enantiomer. The widely accepted relationship between MDMA-induced neurodegeneration and hyperthermia could therefore be strengthened or challenged by more fully assessing the neurotoxic potential of R(-)-MDMA across a wider dose range, and across caging conditions.
The present report provides evidence that the environment in which MDMA is administered has large interactive effects with MDMA-induced lethality, clearly highlighting the increased risk of ingesting MDMA in club and rave settings. The findings that exposure to a cold ambient environment and various serotonergic manipulations are capable of attenuating the lethal effects of racemic and S(+)-MDMA when administered in crowded conditions provide support for current treatments for acute MDMA-induced hyperthermia; however, the relative inability of these manipulations to protect against the lethal effects of R(-)-MDMA may pose a challenge to these and future potential therapeutics. Additionally, the dissociation of the lethal, hyperthermic, and locomotor stimulant effects of racemic and S(+)-MDMA argue that these compounds may have distinct pharmacological effects, and caution against using these drugs interchangeably in experiments investigating neurotoxicity and temperature. The challenge of unraveling the unique effects of MDMA on physiology and behavior is not likely to be overcome without further research into the distinct pharmacology of the MDMA enantiomers.
